Extra-cytoplasmic function (ECF) -factors are widespread in bacteria, linking environmental stimuli with changes in gene expression. These transcription factors span several phylogenetically distinct groups and are remarkably diverse in their activation and regulatory mechanisms. Here, we describe the structural and biochemical features of a Mycobacterium tuberculosis ECF factor J that suggests that the SnoaL 2 domain at the C-terminus can modulate the activity of this initiation factor in the absence of a cognate regulatory anti-factor. M. tuberculosis J can bind promoter DNA in vitro; this interaction is substantially impaired by the removal of the SnoaL 2 domain. This finding is consistent with assays to evaluate J -mediated gene expression. Structural similarity of the SnoaL 2 domain with epoxide hydrolases also suggests a novel functional role for this domain. The conserved sequence features between M. tuberculosis J and other members of the ECF41 family of -factors suggest that the regulatory mechanism involving the C-terminal SnoaL 2 domain is likely to be retained in this family of proteins. These studies suggest that the ECF41 family of -factors incorporate features of both--the 70 family and bacterial one--component systems thereby providing a direct mechanism to implement environment-mediated transcription changes.
INTRODUCTION
Regulation of gene expression in prokaryotes occurs primarily at the transcription initiation step. factors, the specificity defining subunit of RNA polymerase (RNAP), govern gene expression by their reversible association with the RNAP (1) . Of the two broad families of factors, members of the the 70 family are more diverse due to variations in their activation and regulatory mechanisms. Most characterized 70 members rely on protein-protein interactions to enable DNA promoter binding--a key distinction from the 54 class of factors that can form tight DNA complexes but require adenosine triphosphate hydrolysis for open promoter complex formation (2, 3) . 70 members have been further classified into groups based on domain architecture (4, 5) . While the housekeeping factor contains an N-terminal polypeptide segment (region 1.1) and four DNA binding domains and governs basal expression of genes, the extra-cytoplasmic function (ECF) factors are much smaller with only two DNA binding domains (referred to as 2 and 4 ) and govern transcription under stress or starvation conditions (6) . ECF factors are the largest and most divergent group in 70 factors and govern transcription in response to various stresses and starvation conditions. The activity of most ECF factors (and a few members of other factor families) is regulated by interaction with a protein antagonist also referred to as an anti-factor (7) . The antifactor can be either cytoplasmic or membrane bound. The release of a factor from these /anti-complexes is brought about by diverse mechanisms including proteolysis, phosphorylation and redox-dependent conformational changes (8) (9) (10) . More recently, ECF group members were classified into 43 sub-groups based on sequence architecture (11) . Another study utilizing under-represented genomes extended these subgroups to more than 50 (12) . Four of the ECF groups viz ECF41, ECF42, ECF44 and ECF01-Gob contain an additional domain at the carboxylterminus. Of these, the ECF44 sub-group factors which contain a conserved carboxyl-terminal cysteine rich domain (CRD) have been better characterized (13) (14) (15) . The activity of two ECF44 factors, Myxococcus xanthus corE1 and corE2 is directly regulated by metal ions. While corE1 responds to Cu, corE2 binds Cd and Zn and mutation of key cysteine residues in the CRD affects metal ion binding. Indeed, deletion of the ECF44-specific Cysteine-X-Cysteine (CXC) motif from 2 results in loss of activity (14, 15) .
The ECF41 factor sub-group, that contains nearly 400 annotated members distributed across 10 phyla, is poorly understood. All ECF41 group members possess a distinct domain organization with 2 , 4 and an additional
MATERIALS AND METHODS

Expression and purification of recombinant proteins
The details of expression constructs used to express and purify J (Rv3328c) are summarized in Supplementary Table S1. All the proteins used in crystallization and interaction assays were purified using the same protocol unless otherwise mentioned. Clones were confirmed using single primer based sequencing (Amnion Biosciences Pvt. Ltd.). In each case, the plasmid with the gene of interest was transformed into Escherichia coli BL21(DE3) strain (Novagen Inc.). A single colony was inoculated in Luria-Bertani medium or minimal medium (for seleno-methionine (SeMet) derivative) containing an appropriate antibiotic. Cultures were allowed to grow up to OD 600nm of 0.5-0.6 at 37
• C prior to induction with 0.2 mM Isopropyl ␤-D-1-thiogalactopyranoside (IPTG). For the Se-Met derivative, amino acid supplements and Se-Met were added at an OD 600nm of 0.4. Post-induction, cultures were grown for 12 h at 18
• C. Cells were then spun at 7000 g for 15 min. The pellet was re-suspended in buffer A (50 mM Tris-HCl pH8.0, 300 mM NaCl) containing 2 mM phenylmethanesulfonyl fluoride (PMSF) and ethylenediaminetetraacetic acid (EDTA)-free protease inhibitor tablets (Roche). Cells were lysed by sonication and the cell debris were removed by centrifugation at 30 000 g for 45 min at 4
• C. The supernatant was incubated with Ni-NTA resin (SigmaAldrich) for 1 h. The protein was then eluted using buffer A with a gradient of imidazole (10-200 mM). The protein was further purified by size-exclusion chromatography using Sephacryl S200 Hi-Prep 16/60 column (GE Healthcare, Inc.). The fractions containing the purified protein were concentrated to ca 10 mg/ml for crystallization trials. The purity and molecular mass of the protein was further verified using sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE) and liquid chromatographyelectrospray ionization mass spectrometry (LCESI-MS) (Bruker Daltonics, Inc.). Se-Met labeled protein was purified similarly with the exception that 1 mM Tris-(2-carboxyethyl)phosphine or 2 mM dithiothreitol (DTT) was included during the purification.
Crystal structure determination
Crystallization trials for J have been described earlier (30) . The native and selenium SAD and MAD datasets were collected at the BM-14 beamline of the European Synchrotron Radiation Facility at 100 K. The structure was solved using SAD diffraction data. The SAD diffraction data were collected at an oscillation set at 0.25
• per image at 0.978Á wavelength. The diffraction data were processed using iMosflm (31) and scaled using SCALA (32) in the CCP4 suite (33) . Analysis of diffraction data revealed pseudo-merohedral twinning. Initially, the crystal symmetry appeared to be I422 due to significant twinning (twin fraction = 0.478). The space group was later determined to be I222 (Supplementary Table S3 ). An initial model of the structure was obtained using the Autosol module in Phenix (34, 35) . The model was further built with the Autobuild module of Phenix and Arp/Warp (36) . Subsequent model building and refinement was performed using COOT (37) and phenix.refine (34) using the twin operator (-h, -l, -k). The fit of the model to the electron density was evaluated using COOT. The final structures were validated using MOLPROBITY (38) . The interface areas were analyzed using PDBePISA server (39) . All the structure figures were generated using UCSF Chimera (40) .
Sequence and structural analysis
The sequences of ECF41 factors were selected from a compilation published earlier (16) . Sequences shorter than 280 residues and longer than 340 residues were removed from subsequent analysis. Sequences were clustered at 90% sequence identity using BLASTClust (41) . The resulting 323 sequences and the crystal structure of J were submitted to the PROMALS3D server (42) . The alignment generated from PROMALS3D was submitted to the ConSurf server (43) (44) (45) (46) (47) to estimate evolutionary conservation of amino acid residues. ConSurf estimates evolutionary rates using evolutionary relatedness of protein sequences with consideration to the similarity between amino acid residues. The conservation scores are projected onto the structure or sequence alignments. To obtain an insight into the functional role and potential ligands for SnoaL 2 domain, a DALI database search was performed using the structure of JSnoaL 2 domain (48) . All the unique PDB outputs with Z-score > 4 were manually analyzed to search for potential ligands of JSnoaL 2 domain.
Spectroscopic studies of J interaction with Limonene-1,2-epoxide
The max of Limonene-1,2-epoxide and Limonene-1,2-diol was determined spectroscopically. The purified J protein was incubated with Limonene-1,2-epoxide for different time intervals. A UV-visible spectrum of the samples from 240 to 340 nm was recorded and analyzed.
Molecular dynamics simulations
Classical MD simulations were performed on J and J SnoaL 2 to evaluate the influence of the SnoaL 2 domain on the dynamics of J 2 and J 4 domains. The initial atomic coordinates were obtained from the crystal structure of J . All the missing loop residues in J were modeled using ModLoop (49, 50) . The system was neutralized using minimal concentration of counter ions (Na + and Cl − ions). Water molecules were added to solvate the system according to TIP3P model (51) . This system was subjected to 3000 steps of steepest descent followed by a 1500 step conjugate gradient minimization by keeping the positions of ions and solute heavy atoms fixed using a restraint of 300 kcal/mol-Å 2 . In the next stage, a reduced restraint of 100 kcal/mol-Å 2 was retained only on solute heavy atoms and 4000 steps of steepest descent and 2000 steps of conjugate gradient minimization were performed for each system. Finally, full system minimization was performed involving 8000 steps of steepest descent followed by 4000 steps of conjugate gradient. Subsequently, each system was heated progressively from 0 to 300 K in 60 ps (52) . Equilibration phase of 1 ns was carried out under NpT conditions. Production runs were done with an integration time step of 2 fs. The non-bonded pair list was updated every 10 steps. The SHAKE algorithm was applied to constrain all bonds involving hydrogen atoms (53) . Coordinates were retained at 1 ps time intervals. The production run was performed for 500 ns of total simulation time for both J and J SnoaL 2 . All trajectories were analyzed using cpptraj module of AMBER and structures were visualized in VMD and Chimera (40, 54, 55) .
Electrophoretic mobility shift assays
For electrophoretic mobility shift assay (EMSA), J or J SnoaL 2 was incubated with 0.5 nM 32 P-labeled sigIpromoter (sigIp) ds DNA on ice for 20 min (Supplementary Figure S6 and Supplementary Table S4 ). The final volume of the binding mixture was adjusted to 20 l by adding the DNA-binding buffer (25 mM Tris-HCl pH 7.5, 1 mM DTT, 100 g/l bovine serum albumin, 5 mM MgCl 2 , 6% Glycerol). The DNA-protein complex was then run on a 8% non-denaturing polyacrylamide gel in 0.5× tris-borate-EDTA (TBE) buffer at 4
• C. Finally, the gel was dried and analyzed on a Typhoon FLA9000 phosphorimager.
Surface plasmon resonance measurements
Interaction of J and J SnoaL2 with sigIp was examined using surface plasmon resonance (SPR) (BIACORE 2000; GE Healthcare) (Supplementary Figure S6 and Table S4 ). Biotinylated sigIp (5 ) was immobilized on a streptavidin (SA) sensor chip (BIACORE; GE Healthcare) at a surface density of (300+100RU) ng/mm 2 . The first flow cell of the SA chip was used as control. The experiments were performed in a buffer containing 20 mM Tris-Cl (pH 7.5) and 50 mM NaCl.
J and J SnoaL2 proteins were used as analytes in this study. The interaction kinetics was evaluated using BIA-evaluation software.
␤-galactosidase based reporter assays in Escherichia coli
To study the role of JSnoaL 2 in transcription regulation, a ␤-galactosidase activity based assay was designed using LacZ fusion constructs of sigI-promoter in the pJEM13 vector (56) . A modified pBAD33 vector (pBAD33m) was used for overexpression of J and J SnoaL2 under the control of an araBAD promoter ( Figure 5A ). The expression from the araBAD promoter can be regulated by Larabinose thus allowing controlled expression of proteins. The target plasmid containing sigI-promoter-lacZ fusion and donor plasmid containing proteins were transformed in the E. coli LMG194 strain. Single colonies were inoculated in Luria Bertani media and were subsequently induced using 13 mM L-arabinose. Cultures were removed 3 h post induction and ␤-galactosidase assays were performed. A list of the constructs, plasmids and strains used in this study are summarized in Supplementary Table S5 . Following the ␤-galactosidase assay, the Miller units were calculated and normalized to convert into relative ␤-galactosidase activity (56) .
Limited proteolysis to evaluate conformational flexibility
Limited proteolysis assays were performed with trypsin. Briefly, 60 g of purified proteins were incubated with 1 g Nucleic Acids Research, 2017, Vol. 45, No. 16 9763 of trypsin on ice. Samples were taken out at 10, 20, 30 and 60 min time intervals, mixed with sample dye, heated at 95
• C and loaded on 15% SDS-PAGE for analysis.
RESULTS
Overall structure of M. tuberculosis
J
The crystallization and diffraction data statistics of J was reported earlier (30) . These crystals appeared in ca two weeks but could not be reproduced easily. While different variations in the expression constructs and additives in crystallization conditions were examined, addition of a trace of thrombin to the crystallization drop led to easily reproducible crystals (Supplementary Tables S1 and 2 ). LCESI-MS analysis of the crystals suggested a ca 3 kDa difference in mass when compared to the full-length protein.
In silico analysis using the ExPASy peptide cutter (57) suggested two thrombin sites in J -one from vector (pET-15b; Novagen, Inc.) and one in the protein that removed eight amino acid residues from C-terminus (Supplementary Figure S1) . The data collection, refinement and model statistics are presented in Table 1 . The structure was solved by the Single wavelength Anomalous Dispersion method (58) .
J crystals are nearly perfectly twinned (pseudo merohedral twinning; twin fraction ␣ = 0.478) with an apparent higher crystal symmetry (I422 instead of I222; Supplementary Table  S3 ). The structure of J was solved in the I222 space group. There are two molecules of J in the asymmetric unit. The segments from other DNA sequences (supplementary Figures S7 and 8 ).
␤-galactosidase-based reporter assays
A recent study of the M. tuberculosis factor network demonstrated the successful use of an E. coli model to study M. tuberculosis factor activity (56) . This strategy was utilized to understand J activity. Target plasmids encoding the sigI-promoter-lacZ fusion protein and donor plasmids containing J and J SnoaL 2 were transformed in E. coli LMG194 strain ( Figure 5 ). It was envisaged that differences between J -and J SnoaL 2 -driven transcription initiation would translate into variations in ␤-galactosidase activity. We note that the ␤-galactosidase activity of the carboxy terminal deletion construct J SnoaL 2 was lower when compared to full-length J ( Figure 5 ). These results suggest the opposite of an anti-like role for the SnoaL 2 domain. The SnoaL 2 domain at the C-terminus is thus more likely to adopt the role of a modulator or positive regulator of transcription by conformational re-arrangement of the two DNA binding domains in J . higher mass than that of a monomer (ca 28 kDa instead of 19 kDa) in a size exclusion chromatography experiment performed on a Superdex-200 analytical column. This finding that the Snoal 2 domain confers structural compactness to J was further evaluated by a limited proteolysis experiment. This experiment, correlating proteolytic susceptibility with conformational flexibility, was performed using trypsin (1:60 mass ratio). A comparison between the proteolytic susceptibility of J and J SnoaL 2 revealed that J SnoaL 2 is significantly more proteolytically labile when compared to full length J ( Figure 4C ).
The Snoal 2 domain in J
A search on the DALI database for proteins that were structurally similar to the SnoaL 2 domain of J revealed several potential matches (48) . After pruning for redundancy, a total of ca 300 different structures were collated. This list included limonene-1, 2-epoxide hydrolases (LEH), polyketide cyclases, ketosteroid isomerases, epoxide hydrolases/cyclases, Ca 2+ /calmodulin-dependent protein kinase subunits and the nuclear transport factor 2 (NTF2). Of these, the limonene epoxide hydrolases were the closest experimentally characterized proteins (Table 3) .
The crystal structure of the Snoal 2 domain revealed substantial structural similarity with the Rhodococcus erythropolis Limonene-1,2-Epoxide Hydrolase (LEH) (27) (DALI Z-score of 10.8; PDB ID: 1NWW; RMSD of 1.13Å over 44 atom pairs; Figure 3A) . LEH catalyses the conversion of Limonene-1,2-Epoxide ( max = 294nm) into Limonene-1,2-diol ( max = 273nm) ( Figure 3B ). In an effort to evaluate if J could perform a similar role, freshly purified J was incubated with Limonene-1,2-Epoxide. We note that incubation of Limonene-1,2-Epoxide with J results in differences in the UV-visible spectra ( Figure 3C ). While this suggests a potential enzymatic role for the Snoal 2 domain of J , Limonene-1,2-Epoxide appears unlikely to be a physiologically relevant substrate. This observation, however, suggests a role for the Snoal 2 domain in ligand binding potentially incorporating the role of a receptor modulating J activity.
DISCUSSION
The activity of ECF factors has been demonstrated to be governed at the transcriptional, post-transcriptional and post-translational levels (64, 65) . This multilayered regulation ensures an appropriate cellular concentration of an ECF factor that can compete for RNAP binding and consequently, the expression of the cognate regulon. The ECF41 family of ECF factors suggests a variation to this theme. ECF41 factors do not have a cognate antagonist protein (anti-factor). Indeed, the C-terminal polypeptide was inferred to perform this regulatory function. This hypothesis, however, could not be validated in the absence of structural data on this family of factors. Three key findings emerge from the crystal structure ECF factors represent the third most abundant mechanism of signal transduction after one component system (OCS) and two component systems (TCS) (11, 66, 67) . While TCS have a separate sensor and effector, OCS possess a simpler design, wherein both the sensor and effector domains are fused together in a single polypeptide chain (66, 68, 69) . ECF factors differ from OCS and TCS as they form part of the RNAP holo-enzyme complex. Environmentmediated regulation of ECF factors is primarily governed by anti-factors that employ diverse mechanisms involving phosphorylation, redox-dependent conformational changes and proteolysis. Thus, the anti-factors and other regulatory proteases/kinases together serve as the sensors for environmental stimuli while the DNA binding domains of an ECF factor perform the effector function. While we could not trap or identify interacting proteins with the SnoaL 2 domain, transiently interacting protein partners cannot be excluded. Nonetheless, we note that the SnoaL 2 domain is likely to interact with ligands or indeed substrates, suggesting a possible role of ligand-mediated regulation of J activity. Indeed, the possibility of an anti-function for the Snoal 2 domain is likely if and when activated by a signal in the presence of a specific, as yet unidentified ligand.
Put together, the structural and biochemical data suggest that the SnoaL 2 domain in J is unlikely to play the role of an antagonist for J -mediated transcription. Rather, the ability of this domain to confer a DNA-binding conformation to J points to a role as modulator of activity. The Snoal 2 domain by itself cannot bind DNA, thus excluding the possibility of this domain to influence transcription bubble formation directly. It thus appears likely that ligand and/or protein-based interactions could alter the conformation of J providing a regulatory mechanism based on inter-domain conformational rearrangement. ECF41 factors thus seem to blur the distinction between the traditional definition of a factor as a unit of the RNAP and a one-component system with a defined role of a contextdependent transcriptional regulator.
ACCESSION NUMBER
Atomic coordinates and structure factors for the reported crystal structure have been deposited with the Protein Data Bank under accession number 5XE7.
